Filamentous fungi are excellent hosts for industrial protein production due to their superior secretory capacity; however, the yield of heterologous eukaryotic proteins is generally lower than that of fungal or endogenous proteins. Although activating protein folding machinery in the endoplasmic reticulum (ER) improves the yield, the importance of intracellular transport machinery for heterologous protein secretion is poorly understood. Here, using Aspergillus oryzae as a model filamentous fungus, we studied the involvement of two putative lectin-like cargo receptors, A. oryzae Vip36 (AoVip36) and AoEmp47, in the secretion of heterologous proteins expressed in fusion with the endogenous enzyme ␣-amylase as the carrier. Fluorescence microscopy revealed that mDsRed-tagged AoVip36 localized in the Golgi compartment, whereas AoEmp47 showed localization in both the ER and the Golgi compartment. Deletion of AoVip36 and AoEmp47 improved heterologous protein secretion, but only AoVip36 deletion had a negative effect on the secretion of ␣-amylase. Analysis of ER-enriched cell fractions revealed that AoVip36 and AoEmp47 were involved in the retention of heterologous proteins in the ER. However, the overexpression of each cargo receptor had a different effect on heterologous protein secretion: AoVip36 enhanced the secretion, whereas AoEmp47 promoted the intracellular retention. Taken together, our data suggest that AoVip36 and AoEmp47 hinder the secretion of heterologous proteins by promoting their retention in the ER but that AoVip36 also promotes the secretion of heterologous proteins. Moreover, we found that genetic deletion of these putative ER-Golgi cargo receptors significantly improves heterologous protein production. The present study is the first to propose that ER-Golgi transport is a bottleneck for heterologous protein production in filamentous fungi.
F
ilamentous fungi possess a prominent secretory capacity and, thus, are excellent hosts for recombinant protein production. Numerous approaches and attempts have been made to produce industrially valuable proteins in filamentous fungi, such as Aspergillus and Trichoderma (1) . However, higher eukaryotic proteins are generally inefficiently produced and secreted in these fungi compared to the production and secretion of fungal or endogenous proteins. Several bottlenecks in the heterologous protein production process have been identified to date, and a few limiting factors have been overcome by genetically modifying the expression host. In particular, reducing protease activity is necessary to limit the degradation of heterologous proteins, as was demonstrated by the 3-fold increase in the level of heterologous proteins in the culture supernatant of an Aspergillus oryzae strain with 10 protease genes deleted (2) . Heterologous protein production by A. oryzae was also effectively improved by the repression of vacuolar protein sorting and autophagy (3, 4) . The genetic fusion of a target protein with an endogenous protein carrier is a commonly used strategy to increase heterologous protein yields in filamentous fungi. Effective carrier proteins are abundantly secreted enzymes, such as glucoamylase, ␣-amylase, and cellobiohydrolase (5-7), and are thought to allow the heterologous fusion protein to overcome bottlenecks in transcription and posttranscriptional processes (8) . Despite the demonstrated efficacy of these approaches, secretion of heterologous proteins in recombinant strains remains far below the secretion of endogenous proteins, indicating that other bottlenecks for heterologous protein production and secretion must be overcome before filamentous fungi can reach maximal production capacity.
One approach for increasing the expression of heterologous proteins is the use of a strong promoter; however, increased target protein synthesis may lead to overloading of the folding capacity of the endoplasmic reticulum (ER). In aspergilli, the expression of human protein tissue plasminogen activator or a fused form of ␣-amylase-prochymosin triggered the unfolded protein response (UPR) due to ER stress (9, 10) . The overexpression of molecular chaperones like BiP and protein disulfide isomerase to assist protein folding improves the yield of heterologous proteins (11, 12) , a response that may be attributable to the alleviation of ER stress resulting from increased folding activity. When the UPR is triggered, the expression of a set of UPR-associated proteins, including molecular chaperones, vesicular traffic components, and ERassociated degradation (ERAD) proteins, is upregulated in an attempt to resolve the ER stress by increasing the folding, transport, and degradation of proteins (13) . Constitutive upregulation of UPR by the expression of the activated form of the transcription factor HacA was shown to improve the production of bovine chymosin in Aspergillus niger (14) and the plant taste-modifying protein neoculin in A. oryzae (7) . Although these observations suggest that ER stress is a major hindrance for heterologous protein production in filamentous fungi, the underlying cause of the ER stress associated with heterologous protein expression remains unclear. One possible cause of ER stress is the inefficient transport of heterologous proteins between the ER and the Golgi compartment. Cargo proteins are transported between the ER and Golgi compartment by vesicular trafficking. Coat protein complex II (COPII)-coated vesicles transport secretory proteins in the anterograde direction, whereas COPI-coated vesicles carry proteins in the retrograde direction, from the Golgi compartment back to the ER (15) . During the budding of COPII vesicles, a class of membrane proteins called ER-Golgi cargo receptors is responsible for recruiting cargo proteins into the vesicles, thereby promoting their transport (16) . The binding of cargo receptors to target proteins is highly specific, as demonstrated by the defective secretion of a specific set of proteins upon the deletion of a single cargo receptor. For example, the mammalian lectin-type cargo receptor ERGIC-53 selectively exports a subset of glycosylated proteins (17) . Previous studies have also found that another lectin-type cargo receptor, VIP36, promotes secretion of the glycoproteins rat parotid gland ␣-amylase and clusterin (18) . VIP36 has also been shown to recycle human ␣1-antitrypsin from the Golgi compartment back to the ER, and upon silencing of VIP36, ␣1-antitrypsin secretion is increased (19) , demonstrating that this cargo receptor has a protein retention function. As VIP36 forms a stable complex with the molecular chaperone BiP (20) , it appears to be involved in the quality control of secretory proteins. Because glycoproteins like ␣-amylase are commonly used as carrier proteins, lectin-type cargo receptors might affect the secretion of carrier-fused heterologous proteins and are therefore potentially good models for studying the interaction between cargo receptors and heterologous proteins in A. oryzae. This study aimed to investigate the involvement of lectin-type cargo receptors in the intracellular trafficking of carrier-fused heterologous proteins in the filamentous fungus A. oryzae. Generation of a putative cargo receptor deletion mutant. To generate a plasmid for the deletion of A. oryzae vip36 (Aovip36), the 1.5-kb upstream and downstream regions of Aovip36 (AO090026000428) were amplified using the primer pairs X-uVIP36-F/X-uVIP36-R and X-dVIP36-F/X-dVIP36-R, respectively. The amplified fragments were cloned into the entry vectors pDONR-P4-P1R and pDONR-p2R-p3 using the BP clonase reaction (MultiSite Gateway cloning kit; Life Technologies, Carlsbad, CA) to generate the plasmids p5=uVp and p3=dVp, respectively. Using a similar method, the plasmids p5=uEp and p3=dEp, containing the 1.5-kb upstream and downstream regions of Aoemp47 (AO090102000145), respectively, were constructed using the primer sets X-uEp-F/X-uEp-R and X-dEp-F/X-dEp-R, respectively. The two fragments were then connected with upstream and downstream ends of the selective marker pyrG from the plasmid pgEpG using the LR clonase reaction of the MultiSite Gateway cloning kit. Linear deletion fragments were then amplified by PCR with the primer sets X-uVIP36-F/XdVIP36-R for Aovip36 and X-uEp-F/X-dEp-R for Aoemp47. The amplified products were then purified and introduced into A. oryzae strain NSPlD1 using a previously described transformation method (24) , and deletion strains were selected on MϩMet agar medium. Deletion of cargo receptor genes by the pyrG marker was confirmed by Southern analysis, using the upstream region of each gene as the probe. The sequences of all primers used in this study are listed in Table S1 in the supplemental material.
MATERIALS AND METHODS

Strains
Construction of expression plasmids. To generate an expression plasmid for N-terminally mDsRed-tagged AoVip36, the signal sequence of AoVip36, mDsRed without a stop codon, and the remaining coding sequence of Aovip36 were amplified using the primer sets attB1-Vp-F/ ssVp-mDsRed-R, ssVp-mDsRed-F/mDsRed-Vp-R, and mDsRed-Vp-F/ AttB2-Vp-R, respectively. Fusion PCR with the primer pair attB1-Vp-F and attB2-Vp-R was used to insert mDsRed between the signal sequence and the remaining Aovip36 coding sequence. Similarly, the signal sequence of AoEmp47, mDsRed without a stop codon, and the remaining coding sequence of Aoemp47 were amplified using the primer sets attB1-Ep-F/ssEp-mDsRed-R, ssEp-mDsRed-F/mDsRed-Ep-R, and mDsRedEp-F/AttB2-Ep-R, respectively. Fusion PCR with the primer pair attB1-Ep-F and attB2-Ep-R was used to insert the mDsRed sequence between the Aoemp47 signal sequence and the remaining coding sequence. The fusion products for AoVip36 and AoEmp47 were then cloned into center entry vector pDONR-P221, using the BP clonase reaction to generate pCRVp and pCREp, respectively. The LR clonase reaction with the 5= entry clone pg5=PaB, containing the amyB promoter, and the 3= entry clone pg3=TaN, containing the amyB terminator and niaD marker, was then performed to generate a plasmid expressing mDsRed-fused versions of AoVip36 (pEpARVpN) and AoEmp47 (pEpAREpN) under the control of the amyB promoter.
To express heterologous proteins, plasmids expressing AmyB-fused prochymosin (proCHY) (pgAKCN) (25) or EGFP (pNamyBEGFP) (23) were used for transformation. Integration of a single copy of the plasmids into the niaD locus was confirmed by Southern analysis. Two to three transformants were selected, and the expression of heterologous protein was confirmed by enzyme activity (proCHY) or immunoblot analysis (AmyB-EGFP). There were no differences in the secretion levels, and therefore, one transformant was selected for further analysis.
For overexpressing mDsRed-AoVip36 and mDsRed-AoEmp47, LR clonase reaction of pCRVp or pCREp with pg5=PaB and pg3=TaSO, containing the amyB terminator and A. oryzae sC marker, was performed to generate overexpression plasmids. The plasmids were transformed into strain SlD-aG2 expressing AmyB-EGFP to ensure similar levels of AmyB-EGFP expression in the resulting transformants. The expression of mDsRed-tagged cargo receptors in the transformants was confirmed by fluorescence microscopy. There were no differences in the fluorescence patterns of both mDsRed-tagged cargo receptor and AmyB-EGFP between two independent transformants for each construct, and therefore, one transformant was selected for further analysis.
Construction of a strain endogenously expressing AoGrh1-EGFP. To insert EGFP at the C terminus of AoGrh1 (AO090001000523), a 1.5-kb region containing the 0.5-kb 5= upstream region and the entire open reading frame (ORF) of Aogrh1 without a stop codon was PCR amplified with the primers aB4-uGr1-F and aB1r-uGr1-R and was then cloned into a 5= entry vector to generate the plasmid p5=uGr1. A 1.5-kb downstream region of Aogrh1 was amplified by PCR with primers aB2r-dGr1-F and aB3-dGr1-R and then cloned into a 3= entry vector to generate the plasmid p3=dGr1. The two entry clones were subjected to the LR clonase reaction with the center entry clone pgEGFPadeA, which contained the egfp gene and amyB terminator, and the destination vector pDEST R4-R3, generating the plasmid pgGr1GA. The insertion cassette for expressing the AoGrh1-EGFP fusion protein from the Aogrh1 gene locus was amplified by PCR using primers aB4-uGr1-F and aB3-dGr1-R from the plasmid pgGr1GA and was then introduced into strain NSR-⌬lD-2. Insertion of the egfp gene at the 3= end of the Aogrh1 ORF was confirmed by colony PCR with the primer pair aB4-uGr1-F and aB3-dGr1-R (data not shown).
Milk-clotting assay for quantification of secreted chymosin. The milk-clotting assay for chymosin activity was performed according to a previously reported method (3). Briefly, 100 l of sample was mixed with 900 l of skim milk solution (12% skim milk in 10 mM CaCl 2 ) in a 2-ml Eppendorf tube, which was then incubated at 30°C with constant shaking at 50 rpm. The clotting point was defined at the time visible motion of the solution stopped due to formation of a milk clot. The clotting times were recorded and compared with a standard solution prepared with rennin (Sigma-Aldrich, St. Louis, MO) to determine the chymosin concentration in the test samples. The total amount of proteins in the culture supernatant was measured with a protein assay kit (Bio-Rad, Hercules, CA) according to the manufacturer's instructions.
Fluorescence microscopy observation. For fluorescence microscopy, 10 5 conidia were inoculated into 100 l CDϩMet liquid medium in 35-mm glass-based dishes (Asahi Techno Glass, Chiba, Japan) and incubated for 18 h at 30°C. Hyphae were then observed with an IX71 inverted microscope (Olympus, Tokyo, Japan) equipped with a 100ϫ Neofluar objective lens (1.4 numerical aperture). GFP and mDsRed excitations were performed with a 488-nm (Furukawa Electric, Tokyo, Japan) and a 561-nm (Melles Griot, Carlsbad, CA) semiconductor laser, respectively, and the light emitted was filtered with GFP, DsRed, and DualView filters (Nippon Roper, Chiba, Japan). The CSU22 confocal scanning system (Yokogawa Electronic, Tokyo, Japan), equipped with an Andor iXon cooled digital charge-coupled-device camera (Andor Technology PLC, Belfast, United Kingdom) and Andor iQ software (Andor Technology), was used for acquiring and analyzing images.
For quantifying colocalization, the mean fraction of mDsRed-tagged cargo receptor overlapping the ER or Golgi compartment in three independent images was calculated using Mander's coefficient (MC) (26) and the ImageJ (National Institutes of Health, Bethesda, MD) plug-in JaCoP. An MC value of 1 means that the two fluorescence signals completely overlap each other, while an MC value of 0 means that there is no overlap between the two fluorescence signals.
Localization analysis of AmyB-EGFP in the strains overexpressing mDsRed-tagged AoVip36 and AoEmp47 was performed by observing at least 20 independent hyphae. All the hyphae showed similar localization patterns of AmyB-EGFP and mDsRed-tagged cargo receptors, and representative images were captured.
SDS-PAGE and immunoblotting. For SDS-PAGE, protein samples were mixed with 1/5 volume 5ϫ Laemli sample buffer and were then boiled in a water bath for 5 min and immediately placed on ice for 5 min.
Samples and molecular markers were separated on a 10% polyacrylamide gel. For immunoblotting, proteins in the gel were transferred onto Immobilon-P polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, MA) using a semidry blotting system (Nihon Eido, Tokyo, Japan). For detecting chymosin, a polyclonal rabbit antichymosin antibody (Nordic Immunological Laboratories, Tilburg, Netherlands) was used. For detecting EGFP, Living Colors A.V. monoclonal antibody (Clontech, Palo Alto, CA) was used. Chemiluminescence was detected using an ECL Advance Western blotting detection kit (GE Healthcare, Buckinghamshire, United Kingdom), and images were obtained with an LAS-4000 minisystem (GE Healthcare). Quantification of immunoblotting analysis was performed using ImageJ software (National Institutes of Health, Bethesda, MD). The band intensities in the same gel were compared between the control and deletion/overexpression strains, and the relative values were calculated by normalizing that of the control strain as 100%.
Cell disruption, ER enrichment, and immunoblotting. Conidia were inoculated into 20 ml 5ϫ DPY liquid medium and cultivated at 30°C with shaking at 150 rpm. Mycelia were collected and disrupted using metal beads in a Multi-Beads Shocker (Yasui Kikai, Osaka, Japan). Disrupted mycelia were homogenized in extraction buffer (250 mM sucrose, 50 mM Tris, and 1 mM phenylmethylsulfonyl fluoride [PMSF]) supplemented with 1% protease inhibitor cocktail (Sigma) and briefly centrifuged at 500 ϫ g for 5 min to remove unbroken cells and cell debris. For enrichment of ER contents, the supernatant obtained was further centrifuged at 20,000 ϫ g for 30 min, and both the resulting pellet and supernatant were collected for subsequent analysis. The protein concentrations of samples were determined using a protein assay kit (Bio-Rad). Cell lysate samples containing 2 g of protein were subjected to SDS-PAGE and immunoblotting as described above.
␣-Amylase activity assay. ␣-Amylase in the culture supernatant was quantified using an ␣-amylase quantification kit (Kikkoman, Tokyo, Japan), as instructed by the manufacturer. All culture supernatant samples were diluted 1/50 before quantification.
RESULTS
Subcellular localization of putative lectin-type cargo receptors in A. oryzae. A search for homologs of VIP36 in two A. oryzae genome databases, the Comprehensive Aspergillus oryzae Genome Database (CAoGD; http://nribf21.nrib.go.jp/CFGD/) and Database of the Genome Analyzed at NITE (DOGAN; http://www .bio.nite.go.jp/dogan/project/view/AO), resulted in the identification of two entries with high sequence similarity to VIP36: AO090026000428 and AO090102000145. The predicted product of the AO090026000428 gene shared high similarity to human VIP36 and was therefore named AoVip36. AoVip36 had a domain organization similar to that of human VIP36, consisting of a signal sequence, a lectin-like domain, and a predicted transmembrane region near the C terminus (Fig. 1A) . AoVip36 showed 27% overall identity with human VIP36, with the lectin-like domain showing 34% identity with the corresponding domain of human VIP36.
The predicted AO090102000145 gene product had higher amino acid sequence similarity to the Saccharomyces cerevisiae cargo receptor Emp47p than to human VIP36 and was therefore named AoEmp47. The domain organization of AoEmp47 was also similar to that of S. cerevisiae Emp47p and consisted of a signal sequence, a lectin-like domain followed by a coiled-coil domain, and a predicted transmembrane region located near the C terminus (Fig. 1B) . The coiled-coil domain of S. cerevisiae Emp47p was reported to promote self-oligomerization, which is essential for the exit from the ER (27) . AoEmp47 showed 16% overall identity with S. cerevisiae Emp47p, and the lectin-like domain shared 18% identity with that of S. cerevisiae Emp47p. Moreover, a tyrosinecontaining motif (YXX⌽, where ⌽ stands for a bulky hydrophobic amino acid) and a dilysine motif were also found at the C terminus of AoEmp47 (Fig. 1C) . Previous studies in S. cerevisiae Emp47p found that the tyrosine-containing motif is important for Golgi localization and interaction with COPI and COPII components, while the dilysine motif is required for ER recycling (28, 29) .
To determine the subcellular localization of AoVip36 and AoEmp47, mDsRed-tagged versions of the two putative cargo receptors were expressed in A. oryzae under the control of the amyB promoter. In the fusion construct, mDsRed was inserted after the N-terminal signal sequence of the receptor (see Fig. S1A in the supplemental material). The ER membrane protein AoClxA fused to EGFP was used as an ER marker (23) , and an A. oryzae homolog (AO090001000523) of Aspergillus nidulans GrhA, called AoGrh1, was used as a Golgi marker. GrhA is a homolog of the human Golgi-associated protein GRASP65 and localizes to cis-Golgi in A. nidulans (30) . EGFP was inserted at the C-terminal region of the Aogrh1 gene locus, allowing the resulting AoGrh1-EGFP fusion protein to be expressed under the control of the native Aogrh1 promoter. Fluorescence microscopy analysis revealed that mDsRedAoVip36 localized to punctuate structures labeled by AoGrh1-EGFP but did not clearly colocalize with the ER marker AoClxA-EGFP ( Fig. 2A) . Quantification analysis of colocalization indicated that a higher fraction of mDsRed-AoVip36 overlapped with the Golgi marker than with the ER (Fig. 2C) . These results supported the idea that AoVip36 predominantly localizes to the Golgi compartment. This finding is consistent with the previously reported localization of mammalian VIP36 in MDCK (31) and HeLa cells (19) . In contrast, mDsRed-AoEmp47 localized to tubular structures labeled by AoClxA-EGFP and to punctuate structures labeled by AoGrh1-EGFP (Fig. 2B ). Quantification analysis of the colocalization suggested that a high fraction of mDsRedAoEmp47 overlapped with both the ER and Golgi markers (Fig.  2C) . It is noteworthy to mention that when coexpressed with Ao- ClxA-EGFP, the localization shifted predominantly to the ER, which might be due to an unintentional interaction between AoClxA-EGFP and mDsRed-AoEmp47. These data suggested that AoEmp47 might cycle between the ER and Golgi compartment. This pattern differed slightly from that of S. cerevisiae Emp47p, which was shown to localize to the Golgi compartment (29) ; this is discussed below (see Discussion).
Effects of AoVip36 and AoEmp47 deletion on endogenous ␣-amylase secretion. To investigate the function of AoVip36 and AoEmp47, the genes encoding these putative receptors were deleted (see Fig. S1B and C in the supplemental material) and ␣-amylase activities in the culture supernatants of the deletion strains were measured. The analysis revealed that the deletion of Aovip36 reduced the ␣-amylase activity by approximately 30% compared with the activity in the control strain, whereas the deletion of AoEmp47 did not affect the ␣-amylase activity (Fig. 3A) . The deletion of each putative cargo receptor did not affect the growth of the strain and the total amount of proteins in the culture supernatant ( Fig. 3B and C) . SDS-PAGE-Coomassie staining analysis showed that most of the protein band patterns from the culture supernatant did not differ significantly among the control and deletion strains (Fig. 3D) . These data suggested that the decrease in ␣-amylase activity of the ⌬Aovip36 strain was not caused by defects in growth, expression of secreted proteins, and extracellular protein stability. The ␣-amylase activity is specifically correlated with a protein band of approximately 50 kDa in SDS-PAGECoomassie staining analysis, as evidenced by the fact that deletion of all three A. oryzae ␣-amylase genes (amyA, amyB, and amyC), encoding amino acid sequences that are identical except for two amino acids, led to a complete loss of both the activity and the protein band (32) . The intensity of the protein band corresponding to ␣-amylase was reduced in the ⌬Aovip36 strain (Fig. 3D) . Taken together, these results suggested that AoVip36 was involved in the secretion of ␣-amylase in A. oryzae.
Effects of AoVip36 and AoEmp47 deletion on carrier-fused heterologous protein secretion. To determine whether deletion of the putative cargo receptors affected carrier-fused heterologous protein secretion in A. oryzae, the ␣-amylase-fused form of bovine prochymosin (AmyB-proCHY) was used as a carrier-fused heterologous protein model to investigate secretory protein trafficking in the ⌬Aovip36 and ⌬Aoemp47 strains. The AmyB-proCHY fusion protein is thought to be cleaved at a Kex2-like protease cleavage site in the Golgi compartment, and the prochymosin released autocatalytically converts into mature CHY after further cleavage of the prosequence (33) . We first evaluated the secretion of chymosin on the second day of cultivation to minimize the effects of protease degradation. Immunoblotting analysis of the culture supernatants of the ⌬Aovip36 and ⌬Aoemp47 strains showed that the band corresponding to prochymosin was increased compared to that in the control (Fig. 4A) . Notably, the size of the detected band corresponded to that of prochymosin after cleavage from AmyB, suggesting that the secreted protein had passed through the complete secretory pathway and did not enter the supernatant as a result of an unconventional secretion process or leakage due to cell lysis. The enzymatic activity of chymosin was quantified on the fourth day of cultivation, because the majority of prochymosin is converted into active chymosin by this day (3, 10) . An assay for milk-clotting activity in the culture supernatant revealed that deletion of AoVip36 or AoEmp47 increased the amount of mature CHY in the culture medium by approximately 2-fold compared to the amount obtained from the control cells (Fig. 4B) .
To confirm that deletion of the putative cargo receptors improved carrier-fused heterologous protein secretion, we examined the effects of their deletion on ␣-amylase-fused EGFP (AmyB-EGFP). Immunoblotting analysis of the culture supernatants after 2 days of cultivation demonstrated that bands corresponding to the size of the AmyB-EGFP fusion protein (approximately 73 kDa) were present. Quantitative analysis of the band intensities indicated that a larger amount of AmyB-EGFP was secreted into the culture medium of the ⌬Aovip36 and ⌬Aoemp47 strains than was secreted by the control strain, similar to the case for AmyBproCHY (Fig. 4C) . These results indicated that the putative cargo receptors affected carrier-fused heterologous protein secretion negatively.
Effects of AoVip36 and AoEmp47 deletion on ER retention of carrier-fused heterologous proteins. As AoVip36 and AoEmp47 were found to localize to the ER and Golgi compartment, we reasoned that they might interfere with the normal intracellular trafficking of carrier-fused heterologous proteins. Thus, we examined and compared the retention of fusion proteins in the ER of the wild-type, ⌬Aovip36, and ⌬Aoemp47 strains. ER-enriched fractions were obtained by centrifuging mycelial extracts at 20,000 ϫ g and collecting the pellet. To test the efficiency of this method, the ER-enriched pellet and supernatant isolated from mycelia expressing the ER marker AoClxA-EGFP were immunoblotted for GFP. The analysis showed that AoClxA-EGFP was concentrated in the pellet and was only barely detectable in the supernatant (see Fig. S2 in the supplemental material) . Thus, the 20,000 ϫ g pellet was used for an ER-enriched fraction in subsequent analyses.
ER-enriched fractions were prepared from the wild-type, ⌬Aovip36, and ⌬Aoemp47 strains expressing AmyB-proCHY and then analyzed by immunoblotting for CHY. A band corresponding to the predicted size of AmyB-proCHY (approximately 87 kDa) was detected in the ER-enriched fractions of all strains (Fig.  5A, top) , indicating that the fusion protein had not been processed by the Kex2-like protease. As the S. cerevisiae homolog of Kex2p resides in the Golgi compartment (34), the detection of intact AmyB-proCHY supported the validity of the ER enrichment process. Quantitative analysis of the immunoblots revealed that the amounts of AmyB-proCHY in the ER-enriched fractions were reduced in the ⌬Aovip36 and ⌬Aoemp47 strains compared to the amount in the wild-type strain (Fig. 5A, bottom) .
Immunoblotting analysis of the ER-enriched fraction of mycelia expressing AmyB-EGFP revealed that a band consistent with the predicted size of the fusion protein (approximately 73 kDa) was present in all strains (Fig. 5B, top) . However, the amounts of AmyB-EGFP in the ER-enriched fraction were decreased in the ⌬Aovip36 and ⌬Aoemp47 strains compared with the amount in the wild-type strain (Fig. 5B, bottom) . These results suggest that AoVip36 and AoEmp47 interfere with the secretion of carrierfused heterologous proteins by increasing the ER retention rate, a conclusion that is consistent with the increased secretion of AmyB-proCHY and AmyB-EGFP in the ⌬Aovip36 and ⌬Aoemp47 strains (Fig. 4) .
Secretion of carrier-fused heterologous proteins in strains overexpressing AoVip36 and AoEmp47. Fluorescence microscopic observation of the intracellular trafficking of AmyB-EGFP in the ⌬Aovip36 and ⌬Aoemp47 strains did not detect any differences compared with that in the wild-type strain (data not shown). We speculated that the putative cargo receptors may be expressed at low levels in the wild-type strain, thereby making it difficult to detect differences in the ER retention rate. For this reason, AoVip36 and AoEmp47 were overexpressed in mDsRedtagged forms under the control of the amyB promoter in the presence of the inducing substrate dextrin (35) , which was added to cultures as a carbon source. The mDsRed-tagged AoVip36 and AoEmp47 expressed under their native promoters complemented the ⌬Aovip36 and ⌬Aoemp47 strains, respectively, by suppressing the increased CHY production (see Fig. S3 in the supplemental material), which indicated that the mDsRed-tagged forms of cargo receptors are functional. AmyB-EGFP was coexpressed in these strains to detect any effects from the overexpression of the cargo receptors on the intracellular trafficking of heterologous proteins. In the wild-type strain, an intense signal corresponding to AmyB-EGFP was detected at the hyphal tip (Fig. 6A) , similar to the localization of the Spitzenkörper, the location where exocytotic secretory components and secretory proteins concentrate in filamentous fungi (23, (36) (37) (38) . Under overexpression conditions, mDsRed-AoVip36 was detected as punctuate structures, whereas the intracellular AmyB-EGFP signal seemed to be decreased and the localization was more prominent at the cell periphery (Fig.  6B ). This observation implied that the polarity of secretion may have shifted from the hyphal tip to the cell periphery, likely as a result of increased intracellular trafficking. In contrast to the case for mDsRed-AoVip36, overexpression of mDsRed-AoEmp47 significantly increased the intracellular retention of AmyB-EGFP in tubular structures and aggregates, where mDsRed-AoEmp47 was also predominantly localized (Fig. 6C) . These contrasting observations between the two putative cargo receptors suggested that overexpression of AoVip36 enhanced AmyB-EGFP trafficking, whereas overexpression of AoEmp47 promoted the ER retention of AmyB-EGFP.
To confirm this speculation, the effects of overexpressing the two putative cargo receptors on AmyB-EGFP secretion were examined. Immunoblotting of the culture supernatant revealed that overexpression of mDsRed-AoVip36 significantly enhanced AmyB-EGFP secretion, whereas overexpression of mDsRedAoEmp47 impaired the secretion (Fig. 6D) . Overexpression of each cargo receptor did not affect the growth (see Fig. S4A in the supplemental material), indicating that these secretion effects were not due to the altered growth rate. Based on these findings, we concluded that the overexpression of AoEmp47 promoted the intracellular retention of AmyB-EGFP, whereas overexpressing AoVip36 alleviated the retention and even stimulated the trafficking of AmyB-EGFP.
DISCUSSION
Although ER-Golgi cargo receptors are important for ER-Golgi trafficking, no reports prior to the present study have examined the relationship between heterologous protein secretion and cargo receptors. This study has provided evidence that two putative lectin-type cargo receptors affect the intracellular trafficking of heterologous proteins in filamentous fungi. By genetically deleting the putative receptors AoVip36 and AoEmp47, we succeeded in increasing the secretion of carrier-fused heterologous proteins in A. oryzae.
The mDsRed-tagged form of AoVip36 predominantly localized to the Golgi compartment ( Fig. 2A) , similar to mammalian VIP36 (19, 31) , suggesting that AoVip36 functions as a cargo receptor by cycling between the Golgi compartment and ER. We found that deletion of AoVip36 impaired the secretion of ␣-amylase (Fig. 3) , whereas AoVip36 overexpression increased the secretion of AmyB-EGFP (Fig. 6D) . Together, these results indicate that AoVip36 promotes the anterograde transport of both endogenous and the EGFP-fused form of ␣-amylase, a property that is in agreement with the fact that overexpression of mammalian VIP36 promotes secretion of the secretory glycoprotein clusterin (18) . It was also previously shown that mutation of the carbohydratebinding domain of mammalian VIP36 leads to the loss of lectin activity but does not result in increased clusterin secretion (18) . These results, taken together with our present findings, suggest that the promotion of anterograde transport of VIP36 depends on its lectin activity. As the affinity of mammalian VIP36 to highmannose glycan is reportedly high in the pH range of 6.5 to 7.0, which corresponds to the pH of the ER, but is reduced sharply in the acidic conditions of the late Golgi compartment (39), VIP36 likely binds to glycoproteins in the ER and then transports and releases them at the late Golgi compartment. Because A. oryzae ␣-amylase is a glycoprotein (40) and is also N-glycosylated when fused to heterologous proteins, it is assumed that the secretionpromoting effect of AoVip36 might depend on its lectin activity.
In contrast to the anterograde transport-promoting function of AoVip36, deletion of AoVip36 increased heterologous protein secretion in A. oryzae (Fig. 3) , providing evidence that this putative cargo receptor has a protein retention function. In mammals, the glycoprotein ␣1-antitrypsin, which was identified as a retention target of VIP36, exhibits increased intracellular transport upon silencing of VIP36 (19) . The interacting complex between VIP36 and ␣1-antitrypsin was shown to repeatedly cycle from the Golgi compartment to the ER and was also found to coimmunoprecipitate with the ER molecular chaperone BiP (19) . VIP36 also forms a complex with BiP independently of its N-glycan binding activity (20) , and overproduction of a lectin-deficient form of VIP36 decreases clusterin secretion (18) . These observations suggest that VIP36 also negatively interferes with protein transport in an N-glycan-independent manner. Consistent with this speculation, deletion of AoVip36 and AoEmp47 alleviated the ER retention of the heterologous proteins chymosin and EGFP in A. oryzae (Fig. 5) . The fusion proteins AmyB-proCHY and AmyB-EGFP induce UPR (10; also data not shown), suggesting that they may be abnormally folded. We speculate that misfolded AmyB-heterologous protein fusions might bind to the chaperone BiP and subsequently form a protein complex with AoVip36, which then recycles back to the ER, as demonstrated with the ER retention (Fig. 5) . This hypothesis conflicts with the fact that overexpression of AoVip36 leads to increased secretion of AmyB-EGFP (Fig. 6D) . To explain these apparently conflicting findings, it is possible that the retention effect might be saturated at a certain concentration of overexpressed AoVip36, when BiP molecules are fully engaged. After exceeding this threshold concentration, AoVip36 overexpression would still promote anterograde transport, leading to induction of the intracellular transport of glycoproteins. The ␣-amylase activity in the culture supernatant was not significantly changed by overexpression of AoVip36 (see Fig. S4B in the supplemental material), which suggests that the overexpression effect is mainly on the secretion of AmyB-EGFP but not endogenous ␣-amylase.
The observed localization of AoEmp47 in the ER and Golgi compartment (Fig. 2B) is consistent with that of S. cerevisiae Emp47p, which cycles between these two organelles (28, 29) . When coexpressed with AoClxA-EGFP, mDsRed-AoEmp47 shifted the localization to the ER (Fig. 2B) . This observation is similar to the shift of AoEmp47 localization to a tubular structure when overexpressed with AmyB-EGFP (Fig. 6C) , suggesting that the overexpression and/or coexpression of AmyB-EGFP inhibited the ER exit of AoEmp47. Although AoClxA-EGFP expressed from the native gene locus was shown to be functional (23), we hypothesize that the expression of the EGFP fusion of AoClxA might have some negative effect, such as the ER stress and inhibition of ER exit, leading to the increase in the retention of AoEmp47 in the ER. Deletion of AoEmp47 increased the secretion of heterologous proteins and reduced their ER retention (Fig. 4  and 5 ), whereas AoEmp47 overexpression led to the intracellular retention and reduced secretion of AmyB-EGFP (Fig. 6C and D) , suggesting that AoEmp47 functions to retain heterologous proteins in the ER. These results are in clear contrast to the observations that deletion of yeast Emp47p impairs the secretion of certain glycoproteins (28) and that the mammalian homolog of AoEmp47, ERGIC-53, mediates the ER export of a subset of glycoproteins, including ␣1-antitrypsin (17) . The present study of cargo receptors in A. oryzae is the first to reveal that an Emp47 homolog has a retention effect for the intracellular transport of secretory proteins. Overexpression of AoEmp47 reduced the ␣-amylase activity in the culture supernatant (see Fig. S4B in the supplemental material). This raises the possibility that the secretion of endogenous ␣-amylase could be inhibited by AoEmp47 overexpression. However, it remains unknown whether the interaction of AoEmp47 with target proteins involves N-glycan binding via lectin-like domains. This key question regarding the molecular basis of AoEmp47 interaction with target cargo proteins and how this interaction results in protein retention in the ER warrants further investigation.
A. oryzae possesses an inherently high potential for protein secretion, which is an attractive property for recombinant protein production. However, before A. oryzae can be used as a cost-effective protein secretion host, its capacity for heterologous protein production needs to be markedly improved. The present study has provided the first evidence that the transport of proteins from the ER to the Golgi compartment represents a bottleneck in the secretory pathway of A. oryzae and selectively hinders heterologous protein transport. Moreover, our findings suggest that modifying the cargo receptor involved in the trafficking of intracellular proteins can improve heterologous protein secretion. Further investigation of the mechanism of interaction between cargo receptors and their target proteins might provide useful information not only for the optimization of A. oryzae but also for other eukaryotic hosts for protein production and will contribute to the general knowledge of intracellular vesicular trafficking.
